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(54) Abstract Title 

An adaptive multiple input/output controller 

(57) An adaptive multiple input/output controller 12 having a set of inputs Y1, Y2, Y3, adapted to receive 
process output signals and further having a set of outputs adapted to supply process input signals X1, X2, X3 
to process control devices 18, 20, 22. The controller 12 provides a feedback path 25 that couples a selected 
output OMV to an input OCV having a setpoint that is equal to the constraint limit of the selected output. The 
controller 12 maintains the selected output at its constraint limit until one of the outputs, other than the 
selected output, is going to reach or exceed the associated constraint limit for that output. When the output is 
going to reach or exceed the associated constrain limit for that output, the controller relaxes the setpoint until 
the output is no longer going to reach or exceed the associated constraint limit for that output. The controller 
12 may be a model predictive controller or a fuzzy logic controller. 
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INTEGRATED OPTIMAL MODEL PREDICTIVE CONTROL IN A 
PROCESS CONTROL SYSTEM 

The present invention relates generally to process control systems and, more 
particularly, to optimizing the use of a model predictive controller in a process 
control system. 

Process control systems, such as distributed or scalable process control 
systems like those used in chemical, petroleum or other processes, typically include 
one or more process controllers communicatively coupled to each other, to at least 
one host or operator workstation and to one or more field devices via analog, digital 
or combined analog/digital buses. The field devices, which may be, for example 
valves, valve positioners, switches and transmitters (e.g., temperature, pressure and 
flow rate sensors), perform functions within the process such as opening or closing 
valves and measuring process parameters. The process controller receives signals 
indicative of process measurements made by the field devices and/or other 
information pertaining to the field devices, uses this information to implement a 
control routine and then generates control signals which are sent over the buses to 
the field devices to control the operation of the process. Information from the field 
devices and the controller is typically made available to one or more applications 
executed by the operator workstation to enable an operator tp perform any desired 
function with respect to the process, such as viewing the current state of the 
process, modifying the operation of the process, etc: - : v 

In the jpasC Cbnventiorial field device's were used to send and receive analog 
(e.g., 4 to 20 milliamp) signals to and from the process controller via an analog bus 
or analog lines. These 4 to 20 ma signals were limited in nature in that they were 
indicative of measurements made by the device or of control signals generated by 
the controller required to control the operation of the device. However, in the past 
decade or so, smart field devices including a microprocessor and a memory have 



become prevalent in the process control industry. In addition to performing a 
primary function within the process, smart field devices store data pertaining to the 
device, communicate with the controller and/or other devices in a digital or 
combined digital and analog format, and perform secondary tasks such as self- 
calibration, identification, diagnostics, etc. A number of standard and open smart 
device communication protocols such as the HART®, PROFIBUS®, WORLDFIP®, 
Device-Net®, and CAN protocols, have been developed to enable smart field 
devices made by different manufacturers to be used together within the same process 
control network. 

Moreover, there has been a move within the process control industry to 
decentralize process control functions. For example, the all-digital, two-wire bus 
protocol promulgated by the Fieldbus Foundation, known as the FOUNDATION™ 
Fieldbus (hereinafter "Fieldbus") protocol uses function blocks located in different 
field devices to perform control operations previously performed within a 
centralized controller. In particular, each Fieldbus field device is capable of 
including and executing one or more function blocks, each of which receives inputs 
from and/or provides outputs to other function blocks (either within the same device 
or within different devices), and performs some process control operation, such as 
measuring or detecting a process parameter, controlling a device or performing a 
control operation, like executing a proportional-integral-derivative (PID) control 
routine. The different function blocks within a process control system are 
, configured to epiruriunicate with each other (e.g. , over a bus) to form one or more 
ptrQce^sicpn^rpl loops v the individual operations of which are, spread throughout the 
process and are, thus, decentralized. 0 , a s , , a.";. 

. , Process controllers are typically programmed to execu 
algorithms, sub-routines or control loops (which are all control routines) for each of 
a number of different loops defined for, or contained within a process, such as flow 
control loops, temperature control loops, pressure control loops, etc. Generally 
speaking, each such control loop includes one or more input blocks, such as an 



analog input (AI) function block, a single-output control block, such as a 
proportional-integral-derivative (PID) or a fuzzy logic control function block, and a 
single output block, such as an analog output (AO) function block. These control 
loops typically perform single-input/single-output control because the control block 
5 creates a single output used to control a single process input, such as a valve 
position, etc. However, in certain cases, the use of a number of independently 
operating, single-input/single-output control loops is not very effective because the 
process variables being controlled are affected by more than a single process input 
and, in fact, each process input may affect the state of many process outputs. An 

10 example of this might occur in, for example, a process having a tank being filled by 
two input lines, and being emptied by a single output line, each line being controlled 
by a different valve, and in which the temperature, pressure and throughput of the 
tank are being controlled to be at or near desired values. As indicated above, the 
control of the throughput, the temperature and the pressure of the tank may be 

15 performed using a separate throughput control loop, a separate temperature control 
loop and a separate pressure control loop. However, in this situation, the operation 
of the temperature control loop in changing the setting of one of the input valves to 
control the temperature within the tank may cause the pressure within the tank to 
increase, which, for example, causes the pressure loop to open the outlet valve to 

20 decrease the pressure. This action may then cause the throughput control loop to 
close one of the input valves, thereby affecting the temperature and causing the 
tempiei-ature control loop to take some other action As will be. understood in this 
""' — v example, ^ process outputs (in 

: this c^ believe in- an unacceptable 

25 manner' wherein the outputs oscillate without ever reaching a steady state condition. 

Model predictive control or other types of advanced control are used to 
perform control in these types of situations wherein controlled process variables 
affect more than one process input and wherein each process input affects more than 
one process output. Generally, model predictive control is a multiple-input/multiple 
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output control strategy in which the effects of changing each of a number of process 
inputs on each of a number of process outputs is measured and these measured 
responses are then used to create a model of the process. The model of the process 
is inverted mathematically and is then used as a multiple-input/multiple-output 
5 controller to control the process outputs based on changes made to the process 

inputs. In some cases, the process model includes a process output response curve 
for each of the process inputs and these curves may be created based on a series of, 
for example, pseudo-random step changes delivered to each of the process inputs. 
These response curves can be used to model the process in known manners. Model 

10 predictive control is known in the art and, as a result, the specifics thereof will not 
be described herein. However, model predictive control is described generally in 
Qin, S. Joe and Thomas A. Badgwell, "An Overview of Industrial Model Predictive 
Control Technology, " AlChE Conference, 1996. 

Model predictive control may further be used to optimize a selected process 

15 input variable such that the process is controlled to maximize and/or minimize the 
variable selected for optimization. Process input variables that are selected for 
optimization may include, for example, the process input variables that have the 
greatest impact on improving the economic value of the process (e.g. process 
throughput), or the variables that have the greatest impact on improving the quality 

20 of the process output. Typically, it is desirable to maximize process throughput and 
product value and to minimize raw material cost. 
: \: In the course of optimizing, a user or an operator generally designates a 

; operating 
•'v.V:\ ; point w^ Of course, the 

25 optimal process operating point must also coincide with a process operating point 
that allows a desired process outcome to be achieved. To achieve the desired 
process outcome, one or more process output variables must be maintained at pre- 
determined levels or settings, also referred to" as setpoints. The process output 
variables are maintained at their respective setpoints by the proper adjustment of a 

- 4 - ' 
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set of process input variables. Unfortunately, optimal process control is more 
complex than simply operating the process at the optimal process operating point 
because the optimal process operating point typically exists at the limits of the 
process operation. More particularly, each of the process input variables has a 
physical constraint limit and if, while operating at the optimal process operating 
point, two or more of the process input variables reach or exceed a physical 
constraint limit associated therewith, then the process will enter into an undesirable 
state wherein the process controller will be unable to maintain the process output 
variables at their respective setpoints. However, as described above, the optimal 
process operating point involves operating the designated optimal process input 
variable at its maximum (or minimum) setting which is typically equal to its 
physical constraint limit. Thus, while operating at the optimal process operating 
point, one of the process input variables is already at its physical constraint limit 
such that if even one of the other process input variables reaches or exceeds its 
physical constraint limit, then the process enters the undesirable state wherein the 
controller is unable to maintain the process output variables at their respective 
setpoints. As a result, in addition to operating at the optimal process operating 
point, process optimization further requires monitoring the process input variables 
and taking action to prevent them from reaching or exceeding their constraint limits 
Conventional optimization control algorithms monitor the process variables 
while the process is operating to identify when one or more of the constraint limits 
is being approached. Preventative action, such as adjusting a process input, is then 
taken to avojd violating the constraint ljmit that is £eing approached . In a 
convention^ system* decision makjng about whether preventative action is 
required must. be 'more conservative because the data upon which this decision 
making is based is real-time process data to which there is little time to react. As a 
result, the process must operate farther from the desired or optimized constraint 
limits, which compromises the degree of optimization achieved by the process. 
Moreover, preventative action is not always necessary every time a process variable 



approaches a constraint limit because, in some instances, even without 
preventative action, the constraint limit will not actually be violated. However, 
in conventional control systems, the collection of real-time process data does 
not afford insight as to whether the constraint limit that is being approached 
5 will actually be violated. Therefore, every constraint limit approach must^be 
treated as a potential violation and preventative action must be taken. As a 
result, at least some of the preventative actions are undertaken unnecessarily 
which also causes optimization to be comprised unnecessarily. 

In addition, existing control systems that offer optimised control, 

10 typically use a separate optimization control algorithm to achieve the 
optimization. The need for a separate optimization control algorithm increases 
the complexity of the overall control scheme and increases the complexity of 
the control apparatus needed to achieve the overall control scheme. 

The present invention is directed to a multi-input/multi-output logic 

15 controller for controlling a process, wherein each controller input is adapted to 
receive a process output signal and wherein each controller output is adapted to 
provide a process control signal to a process control device. To enable optimal 
control of the process, a selected one of the controller outputs is coupled to a 
further controller input having an associated setpoint and the controller uses the 

20 associated setpoint to maintain the selected controller output at its constraint 
■■• limit. r : :•• 

Ac^rdirig to one aspect of the ihveriiien,^ we provide a multi- 
input/multi-output logic device for use ih controlling a process comprising: a 
plurality of inputs Maj0& iti recei^ ^ a further input 

25 having an associated setpoint, a multiplicity of outputs adapted to provide 
process control signals for controlling the process, a feedback path that directly 
connects a selected one of the outputs to the further input and a logic unit, 
configured to produce the multiplicity of outputs using the plurality of inputs 
and the further input. The logic unit is adapted to adjust the selected output 
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until the further input has reached the associated setpoint which may be set 
equal to a constraint limit of the selected output. 

According to one embodiment of the invention, a multiplicity of the 
outputs may have an associated constraint limit and the logic unit of the logic 
5 device may include a setpoint adjustment unit that adjusts the setpoint from a 
first setpoint setting to a second setpoint setting when one of the outputs, other 
than the selected output, is going to reach or exceed the associated constraint 
limit for that output. The first setpoint setting may correspond to the constraint 
limit of the selected output and the second setpoint setting may correspond to a 
1 0 value that is relaxed with respect to the constraint limit of the selected output. 

According to a further embodiment of the invention, the setpoint 
adjustment unit may be further adapted to adjust the setpoint from the second 
setpoint setting to the first setpoint setting when the one of the outputs is no 
longer going to reach or exceed the associated constraint limit for that output. 
1 5 According to yet another embodiment of the invention, the logic device 

may further include a prediction unit that predicts a future value for each of the 
outputs, other than the selected output, and a comparison unit compares the 
future value for each of the multiplicity of outputs to the constraint limit 
associated with that output to determine whether any one of the outputs, other 
20 than the selected output, is going to reach or exceed the associated constraint 
\ Kmit-forthat output. 

* ^ According, to a further aspect of the invention, we provide a method for 
r \ s , controUin^ a process 

v i :, plurality: of inputs adapted to receive process Output signals and a multiplicity 
25 of outputs adapted to provide process control signals for controlling the 
process, wherein each of the outputs has an associated constraint limit, the 
method including the steps of connecting a selected one of the outputs to a 
further input of the logic device, setting a setpoint associated with the further 
input to a first setpoint setting; adjusting the selected output until the further 
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input has reached the first setpoint setting; calculating a future value for each of 
the multiplicity of outputs, other than the selected output, comparing the future 
value calculated for each of the multiplicity of outputs, other than the selected 
output, to the associated constraint limit for that output to determine whether 

5 any one of the outputs, other than the selected output, is going to reach or 
exceed the associated constraint limit for that output; and adjusting the setpoint 
from the first setpoint setting to a second setpoint setting when the step of 
comparing determines that one of the outputs, other than the selected output, is 
going to reach or exceed the associated constraint limit for that output. 

10 According to yet another embodiment of the invention, the method may 

further include the step of adjusting the setpoint from the second setpoint to the 
first setpoint when the step of comparing determines that the one of the outputs 
is no longer going to reach or exceed the associated constraint limit for that 
output. 

15 The invention will now be described by way of example only with 

reference to the accompanying drawings wherein; 

Fig. 1 is a block diagram of an integrated optimal model predictive 
controller configured to operate to control a process; 

Fig. 2 is a diagram of an exemplary simple chemical reaction process 
20 controlled by the integrated optimal model predictive controller of Fig. 1 ; 

Fig. 3 is a flow diagram illustrating a method of performing integrated 
optimal model predictive control; 

Fig. 4 is a diagram of a proceed control system having a controller used 
to implement the integrated optimal model predictive controller of Fig. 1 ; and 
25 Fig 5 is a flow diagram illustrating a method "of configuring the 

controller of Fig! 4 io operate as " an integrated optimal model predictive 
controller. 

Referring how to Fig. 1, a process control system 10 represented in 
block diagram format includes an integrated optimal model predictive 
30 controller ("IOMPC") 12 that executes an optimising control logic 14 that may 
be embodied, 
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for example, with a software routine for performing optimal model predictive 
control. The IOMPC 12 executes the optimizing control logic 14 to operate as a 
multi-input/multi-output logic device that is configured to control a process 16 and, 
more particularly, to operate a set of process control devices 18, 20, 22 which may 
be implemented using, for example, valves, positioners, etc, in a manner that causes 
the process 16 to respond in a desired manner so that a desired process outcome is 
achieved. To determine whether the process 16 is responding in the desired 
manner, the process 16 is monitored with a set of measuring devices 24, 26 and 28 
that may be implemented using, for example, temperature sensors, level sensors, 
etc. In accordance with conventional model predictive control terminology, the 
process control devices 18, 20 and 22 are used to control process variables, referred 
to herein as manipulated variables MV1, MV2 and MV3, respectively, because they 
are adjusted or manipulated by the IOMPC 12. The measuring devices 24 and 26 
are used to measure a set of process variables that are referred to herein as control 
variables, CV1 and CV2, respectively, because the objective of the process control 
system 10 is to control these variables such that the desired process outcome may be 
achieved. The measuring device 28 may be used to measure a process variable that 
is referred to herein as an auxiliary variable AV because, although the monitoring of 
this variable is essential to proper process operation, maintaining the AV at a 
specific setting is not essential to achieve the desired process outcome. To enable 
integrated optimal control of the process 16 in a manner that is described in more 
detail below, the manipulated variable MV3, in addition to being adapted to provide 
control signals to the control device* 22, is further coupled via a feedback path 25 to 
3 an 1^ 

Referring now to Fig. 2 , the process 16 that the IOM PC 12 is configured to 
control is described, for illustrative purposes, as a simple chemical reaction process 
wherein a chemical feed material is fed into a tank 27 or other suitable container and 
is maintained at a desired temperature. The flow of the feed material into the tank 
27 is controlled with the process control device 18 implemented as a feed flow 



valve. The flow rate through the feed flow valve 18 is defined as the manipulated 
variable, MV1. A heat source (not shown) generates steam that is delivered to the 
tank 27 via the device 22, which may be implemented using, for example, a steam 
flow control valve 22, and that causes the temperature of the feed material to rise. 
To further control the temperature of the chemical feed material, cooling water is 
supplied to a sleeve 29 that surrounds the tank 27. The flow of water into the sleeve 
29 is controlled with the process control device 20 which is implemented as a water 
flow control valve 20. The rate of water flow through the water flow valve 20 and 
the rate of the steam flow through the steam flow valve 22 are designated as the 
manipulated variables MV2 and MV3, respectively. The temperature of the water 
is measured using the measuring device 24 which is implemented as a liquid 
temperature sensor 24 that provides a temperature measurement to the IOMPC 12. 
The steam temperature is measured using the measuring device 26 which is 
implemented as a vapor temperature sensor 26 that provides a vapor temperature 
measurement to the IOMPC 12. The temperatures measured by the temperature 
sensors 24 and 26 are defined as the control variables CV1 and CV2 and are, 
therefore, controlled to specific, predetermined temperatures to ensure that the 
desired process outcome, i.e., maintaining the chemical feed material at the desired 
temperature, is achieved. 

The level of the liquid in the tank 27 is measured with the measuring device 
28 which is. implemented as, for example, a level sensor 28 that supplies a level 

IOMPC 12. The level of liquid in ^ monitored to V 

prevent overfilling the. tank 27. More particularly, the volume of the tank 27 into 
which the chemical feed material is deposited is limited and, if exceeded , will resul t 
in tank overflow which may have adverse effects such as, for example, wasted feed 
material and potential damage to equipment located near the tank 27. The tank level 
signal generated by the level sensor 28 is designated as the auxiliary variable AV, 
which must be monitored to ensure proper process operation. To control the 
process 16, the flow rates through the valves 18, 20 and 22 are adjusted in a manner 

- 10- 



such that the temperature of the chemical feed material, as measured by the liquid 
and vapor sensors 24 and 26 is maintained within the predetermined temperature 
ranges and such that the level of liquid in the tank 27 does not exceed a maximum 
allowable value. Of course, it should be understood that the process 16 was chosen 
only for purposes of illustrating the operation of the IOMPC 12. As a result, the 
IOMPC 12 is not limited to control of a process like the process 16 having two 
control variables and a single auxiliary variable. In fact, the IOMPC 12 may 
instead be used to control a process having any number of control variables or 
auxiliary variables. 

The predetermined temperatures at which the liquid and the vapor phases are 
to be maintained are referred to as setpoints, which may include a discrete 
temperature or a range of acceptable temperature levels. A setpoint CV1 SP 
associated with the control variable CV1 and a setpoint CV2 SP associated with the 
control variable CV2 represent the temperature level or range of levels at which the 
water and the steam, respectively, are to be maintained to achieve the desired 
process outcome. 

In addition to adjusting the manipulated variables MV1, MV2 and MV3 in a 
manner that causes each of the control variables CV1 and CV2 to reach their 
respective setpoints, the optimizing control logic 14 of the IOMPC 12 is also 
configured to ensure that each of the manipulated variables MVl, MV2 and MV3 
do not exceed orviolate a constraint associated therewith. The constraints 
associated With the manipulated variables MVl , M V2 and M V3 represent the 
imaximurh allowable value for that manipulated .variable • These constraints are 
typically physical cdhstrairits that "rhay not be exceeded without causing damage to 
the process 16 or the control' system ahd/or rhay not be -exceeded due to the physical 
attributes of a controlled device, e.g. , k valve can only open so far. The variables 
MVl CON , MV2 CON and MV3 C0N are used to designate the constraints associated with 
the manipulated variables MVl, MV2 and MV3, respectively, and the constraints 
MV1 C0N , MV2 C0N and MV3 C0N are set equal to the maximum allowable flow rates 



of the manipulated variables MV1, MV2 and MV3, respectively, i.e., the maximum 
feed flow rate, water flow rate and steam flow rate. The maximum allowable flow 
rates MVl CON , MV2 CON and*MV3 CON may, if desired correspond to the folly open 
positions of the valves 18, 20 and 22, respectively. In addition, the constraint for 
the tank level is designated AV C0N and represents the maximum allowable tank 
level. 

Generally, the optimizing control logic 14 of the IOMPC 12 is configured to 
operate the process 16 at an optimal level wherein a selected process performance 
characteristic is optimized. Before configuring the IOMPC 12 to operate the 
process 16 at an optimal level, a performance characteristic, hereinafter referred to 
as the optimization objective, is selected for optimization. Typically, the 
optimization objective may include, for example, the rate of production, the cost of 
production or the quality of production. 

In simplistic terms, optimization of a process performance characteristic is 
achieved by maintaining one of the manipulated variables, hereinafter referred to as 
the optimized manipulated variable ("OMV") at an optimal setting. The OMV that 
is selected for optimization is the manipulated variable that is most closely and 
directly related to the process performance characteristic such that, if the selected 
manipulated variable is maximized, or in some cases minimized, then the process 
performance characteristic will be optimized. Preferably the process dynamics and 
the gain assoc iated^ with the OMV are also taken into consideration when selecting a 
vmahipulafedl friable it is desirable that the 

process dynamics related to the OMV be- relatively, slower than the dynamics related 
to the otfier manipulated variables MV1 and MV2 so as to ensure that the setpoints 
GVljp and G V2 SP are satisfied sooner than the optimizatipn objective. It is further 
desirable, that the OMV have a relatively strong relationship with all of the control 
variables CV1 and CV2, i.e., that the process gain associated with the OMV be 
relatively significant so that small changes or adjustments to the OMV cause 
relatively significant changes or adjustments to the controlled output variables. 

- 12- 



For illustrative purposes, the performance characteristic of the process 16 
selected for optimization is.jhe production rate of the process 16, such that the 
optimization objective is to maximize the production rate or process throughput. It 
will be assumed for the purpose of this example that the manipulated variable MV3 
5 is the manipulated variable that is most closely and directly related to the production 
rate and, therefore, the manipulated variable MV3 is hereinafter referred to as the 
OMV. The optimizing control logic 14 of the IOMPC 12 is configured to optimize 
the production rate by maximizing the OMV (MV3) which involves maintaining the 
steam flow valve 18 in a fully open position thereby maximizing the rate of the 
10 steam flow and maximizing the throughput of the process 16. Although the 

optimized process variable (i.e., steam flow rate) selected to illustrate the operation 
of the IOMPC 12 is associated with an increasing setpoint wherein the optimized 
process variable is maintained at its maximum setting, the IOMPC 12 is not limited 
to operation with an optimized process variable having an increasing setpoint. The 
15 IOMPC 12 may instead may be used to control a process wherein optimal control is 
performed by maintaining a selected process variable at a minimum level, in which 
case the variable selected for optimization will have a decreasing setpoint. 

Although conventional model predictive controllers are configured to 
maintain control variables at a designated setpoint, such controllers are not typically 
20 configured to monitor and control a manipulated variable at an optimal setting. To 
; : - O M V at thef opt i ma 1 setting andi: thereby achieve optimal process 

v control, the IOMPC 3 2; is ^otffigured to incIuderthe OCV coupled to the OMV by 

r ** till feedback path 25 Thtf feedback path 2^ ^ic^furtHeir has an amplifier 23 
< \ 'having & unit gain, tapses the OMV to be rejateS to the C)CV by a unit gain, the 
25 OCV is also referred to as a shadow control variable ^because the unit gain 

relationship between the OCV and the OMV causes the OCV to follow or "shadow" 
the OMV. A setpoint OCV SP is defined for the OCV and the value of the setpoint is 
set at the constraint level of the OMV with a small penalty for error. When any of 
the setpoints including the OCV SP are adjusted, the IOMPC 12 responds to the 
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adjusted setpoint by adjusting the manipulated variables MVI, MV2 and OMV as 
necessary to satisfy the adjusted setpoint. To satisfy the OCV SP , the IOMPC 12 
adjusts the OMV until it is equal to the OMV CON . Due to the unit gain relationship 
between the OCV and the OMV, adjusting the OMV in this manner causes the OCV 
5 to follow suit. As a result, the OCV may be used to indirectly maintain the OMV at 
its optimal setting OMV CON . It should be understood that, although the gain 
between OMV and the OCV is preferably a unit gain, any gain may instead be used 
provided that the optimizing control logic 14 has been programmed to compensate 
for the gain when making adjustments to the OCV Sf >. 
10 Referring now to Fig. 3, the optimizing control logic 14, when executed by 

the IOMPC 12, performs an integrated optimizing method, that may be 
implemented, for example, as a set of software program blocks, and that begins at a 
block 30. Before the block 30 is executed, it is assumed that the process 16 is in a 
shutdown mode so that the process control system 10 is not operating. 
15 Alternatively, before the block 30 is executed, individual control loops of the 
process 16 may be under the control of a set of individual, local single loop 
controllers, such as individual PID controllers (not shown). It should be also 
understood that before the optimizing method of Fig. 3 is performed, the IOMPC 12 
will have been configured in the manner described above, e.g., the OMV will have 
20 been coupled to the OCV, and that a model of the process will have been created for 
use in controlling the process 16; The block 30 sets -the setpoints CVI SP and CV2 SP 
equal to levels that are appropriate to properly control the process and sets the 
OCV SP equal c to OM V CC , N '. - Next, a block 32, calculates the adjustments to the MVI , 
MV2;and OMV that are necessary t^ satisfy the control variable setpoints CVl sp 
25 and CV2 SP and the optimized control variable setpoint OC V sp in the same manner as 
a conventional model predictive controller. As will be understood by one of 
ordinary skill in the art, conventional model predictive control involves calculating 
future process states using a process model and the current process variable 
information and then using the calculated future process states to make adjustments 
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to the process input variables, wherein the adjustments cause the control variables t< 
reach or remain at their respective setpoints. For example, if the block 32 is 
attempting to satisfy CV1 SP and CV2 SP , the block 32 uses the process model to 
define the adjustments to MV1 and MV2 that will cause CV1 and CV2 to reach 
CV1 SP and CV2 SP , respectively. 

Next, a block 34 adjusts MV1, MV2 and OMV using the adjustments 
calculated at the block 32. It will be understood that adjusting the OMV at the 
block 34 may cause CV1 and CV2 to depart from their respective setpoints, in 
which case, MV1 and MV2 may also require further adjustment to ensure that the 
setpoints CV1 SP and CV2 SP continue to be satisfied. Of course, due to the coupling 
of the OMV to the OCV as shown in Fig. 1, adjusting the OMV in a manner that 
will cause the OCV sp to be satisfied, merely involves adjusting the OMV until the 
OCV satisfies the OCV SP . As a result, the OCV sp is used not only to control the 
OCV but also to control the OMV. Thus, coupling the OMV to the OCV, enables 
the IOMPC 12 control of a manipulated variable, i.e., the OMV, in the same 
manner as it performs control of a control variable, i.e., the OCV, but without need 
of additional componentry. 

After the OCV has reached the OCV sp , and MV1 and MV2 have been 
adjusted as necessary to satisfy CV1 SP and CV2 SP , control continues at a block 36 
which uses the manipulated variables and the control variables MV1 , MV2, OMV, 
CV1 , CV2 and AV;to predict/calculate a- set of future values for the manipulated 
variables M V I and MV2 designated MV1 PUT and MV2 FUT , respectively. As stated 
above, conventidnallfhodel pfeUictive control involves calculating future process 
states as a matter of course In particular, conventional model predictive controllers 
may be configured to compute the future values of the manipulated variables 
MV1 put and MV2 FUT in any of a number of ways including, for example, 1) by 
computing the manipulated variable moves over the entire control horizon (i.e., 
over the number of future manipulated variable moves computed by the model 
predictive controller); 2) by using an additional MPC controller that is set with a 
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control horizon equal to one so that it may be used to estimate future values of the 
manipulated variables; or 3) by using a prediction model to determine the effect that 
changes in the OMV will have on MV1 and MV2. 

Next, a block 38 uses the values of MV1 FUT and MVl^ to determine 
whether the process 16 is going to enter into an undesired state wherein two or more 
of the manipulated variables are at or are in excess of their respective constraints. 
This state is undesirable because, while operating in this state, the optimizing 
control logic 14 will be unable to maintain control of one or more of the control 
variables CV1 and/or CV2 thereby causing CV1 and/or CV2 to deviate from their 
respective setpoints. Specifically, while in this undesired state, the optimizing 
control logic 14 cannot adjust the manipulated variables MV1 and MV2 to cause 
CV1 and CV2 to reach their respective setpoints without also causing one or more 
of the manipulated variables MV1, MV2 and/or OMV to violate their respective 
constraints. Thus, to determine whether the process is going to enter into the 
undesired state, the values of MV1 FUT or MV2 FUT are examined to determine 
whether either is in violation of its respective constraint, thereby causing a 
constraint violation. Note that, because the process 16 is operating in the optimal 
mode, the OMV is already at its associated constraint, OMV CON . For this reason, it 
is only necessary that one of either MV1 FUT or MV2 FUT be in violation of its 
respective constraint for the process to enter the undesired state. If MV1 FUT or 
MV2 FuT is in violation of M V l CON or MV2 C q N . . respectively , then a block 40 acijusts 
tfiedeveV by an amount equal 

,to : A^, wherein as may be calculated as: follows; 



£S = ,-rain 



-Att^ov* -A^sove -^V above 



G C C 



(1) 



where &Mvi above ,&MV2 abo „ c and &AV above represent the amounts by which MVl, MV2 
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and AV exceed MVl CON , MV CON , and AV C0N respectively, and may be determined 
as follows: 

current * AWJ - MVl nmlt (2) 
AMV Ve = ^current + AMV2 - MV2 CQ „ (3 ) 
AAV a^o.e = ^current * * AV pre<*lcte* " AV ^K (4) 



In equations (2) , (3) and (4), amvi and amv? represent the amount by which the 
values of the manipulated variables, MV1 and MV2 (the feed flow rate and the water 
flow rate), are to be adjusted at one or more future process moves; wva currenC and 
MV2 aurront represent the current values of MV1 and MV2; AV currcm represents the 
current value of the auxiliary variable, AV, and AAV prcdicted represents the predicted 
value of the auxiliary AV based on the current values of the process variables. In 
equation (1), G MVJ _ 0%fV , g^ omv and g av _ ohv represent the gains at the end of the 
prediction horizon, i.e., the changes that will occur to the feed flow, the water flow 
and the tank level in response to adjusting the OCV SP one unit value with the process 
control loop closed (when the IOMPC 12 is operating). As will be described in 
more detail below-, the , gains, g^.^, G w>-0Hi , and and G AV _ C ^ are automatically 
deterifnined by the optimizing :controI logic 14 during configuration of the model 
predictive controller w - \v, .u 

m - 7 igvMl$>e understood that acjjusting the level of the OC\' SP in a non-optimal 
• d irection depends on whether the'OCVsp is an increasing setpoint or a decreasing 
setpoint. More particularly if the OCV^ is an increasing setpoint, then as is 
subtracted from the OCV sf > at the block 40 and if the OCV SP is a decreasing setpoint, 
then as is added to the OCV SP at the block 40. 

After the OCV SP has been adjusted by the block 40, control returns to the 
block 32 wherein the OMV is relaxed until the OCV has reached the newly adjusted 
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OCV SP . Thus, the OMV is maintained at the OCV SP using the control variable OCV 
and the feedback path 25. - 

It should be noted that, after the OMV has been relaxed from its optimal 
setting by the block 34, control continues at the blocks 36 and 38 as describe above. 
At the block 38, either of MV1 FUT or MV2 FUT may still be at, or in violation of f its 
respective constraint limit in which case control again flows to the block 40 and the 
OCV SP is again adjusted by as in a non-optimal direction. Control continues to loop 
through the blocks 32-40 until the block 38 determines that neither of MV1 FUT nor 
MV2 FUT is at, or in violation of, its respective constraint. 

Of course, it will be appreciated by one of ordinary skill in the art that the 
process 16 never actually enters the undesired state because the optimizing control 
logic 14 is configured to monitor the predicted future values MV1 FUT and MV2 FUT 
and to respond to these predicted future values in a manner that will prevent the 
manipulated variables MV1 and MV2 from ever reaching or violating their 
respective constraints, and thereby prevent the process 16 from entering the 
undesired state. As a result, the IOMPC 12, as configured, is especially robust in its 
ability to avoid constraint violations before they occur. Moreover, the IOMPC 12 
does not react until a future violation is predicted. Therefore, a manipulated 
variable lying very close to its respective constraint will not unnecessarily cause the 
system to back off from its optimal mode, thereby allowing the process 16 to operate 
closer to thr£ process eortstraihts but \vhil0 still avoiding violations thereof . 

If, the block 38 determines that no constrain i.e., 
neither MV1 FUT nor MV2£ UT is at or is in violation of its respective constraint, then 
1 control proceeds to a block 42 wherein the Value of the OCV sp is examined to 
determine whether OCV SP is set at the OMV co ^. Jf the OCV SP is not set at OMV C0> 
then control proceeds to the block 44 Wherein the value of the OCV sp is adjusted by 
a predetermined amount, such as, for example, one or two percent of the process 
scale, in an optimal direction. Control then returns to the block 32 and the blocks 
subsequent thereto. As will be understood, if the OCV sp has been adjusted from its 
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optimal setting of OMV CON and if there are no future constraint violations predicted 
at the block 38, the optimizing control logic 14 will continue to loop through the 
blocks 32, 34, 36, 38, 42 anS 44, wherein the OCV sp is incrementally increased 
during each pass until it is restored to the value of the OMV CON . As a result, the 
5 mode of operation wherein the process control continues to loop through the block 
32, 34, 36, 38, 42 and 44 may be referred to as a sub-optimal mode of operation 
because while looping through these blocks, the OCV sp is not set at the optimal 
value of OMV CON but rather is set at a sub-optimal setting. 

If, the block 42 determines that the OCV sp is equal to OMV CON , then control 
10 returns back to the block 32 and the optimizing control logic 14 continues to loop 
through the blocks 32, 34, 36, 38 and 42 until it is determined by the block 38 that 
either of MV1 FUT or MW2 fXjr is in violation of its respective constraints, in which 
case, control branches to the block 40 and the blocks subsequent thereto, as 
described above. The mode of operation wherein the process control continues to 
15 loop through the blocks 32, 34, 36, 38 and 42 may be referred to as an optimal 
mode of operation because while executing these blocks, the OCV sp is set at its 
optimal setting, i.e., OMV CON , and thus, the OMV is operating at its maximum 
setting. Control of the process 16 may continue to loop through the blocks of the 
flow chart of Fig.. 3 in the manner described above for an indefinite amount of time 
20 or until an operator shuts the system down. 
\y : As described a^^ involves using 

r; 1 * . the process model and the current process variables to predict a future process state 

; s and to use this-future pr6tiss;state4o Galcuiate 5 a sgt of adjustments to be made to the 

manipulated variables the; control variables to satisfy their respective 

T'25- ' setpoints. As a result, a conventional model predictive controller may be configured 
to perform all of the steps performed during execution of the blocks 30-46, provided 
of course, that the model predictive controller has been configured to include the 
OCV related to the OMV by a unit gain (as illustrated in Fig. 1) and provided that 
the model predictive controller has been configured to control the OCV according to 
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the method represented by the flow diagram of Fig. 3. As a result, the IOMPC 12 
performs optimal model predictive control in a manner that may be fully integrated 
into conventional model predictive control technology and without need of additional 
control devices. 

5 Referring now to Fig. 4, the IOMPC 12 of Fig. 1 may implemented using a 

process controller 50 that is connected to a data historian 52 and to one or more host 
workstations or computers 54 (which may be any type of personal computers, 
workstations, etc.), each having a display screen 56. The controller 50 may also be 
connected to the process control devices 18, 20 and 22 and to the process measuring 
10 devices 24, 26 and 28 via input/output (I/O) cards 58 and 60. The data historian 52 
may be any desired type of data collection unit having any desired type of memory 
and any desired or known software, hardware or firmware for storing data and may 
be separate from (as illustrated in Fig. 4) or a part of one of the workstations 54. 
The controller 50, which may be, by way of example, the DeltaV™ controller 
15 developed/manufactured by Fisher-Rosemount Systems, is communicatively 

connected to the host computers 54 and the data historian 52 via, for example, an 
ethernet connection or any other desired communication network. The controller 50 
is also communicatively connected to the process control devices 18, 20 and 22 and 
to the process measuring devices 24, 26 and 28 using any desired hardware and 
20 software associated with, for example, standard 4-20 ma devices and/or any smart 
• communication protocol such as the Fieldbus protocol, the HART protocol, etc. 

; AsMated above, although the cbhtrol system 10 is described with respect to 
:: : cbnfrbl of the c^ used *° control any ./ 

type of process. In addition, the.field devices 18, 20, 22,-24, 26 and 28 may be 
25 implemented with any types of devices, such as sensors, valves, transmitters, 
positioners, etc. and the I/O cards 58 and 60 may be any types of I/O devices 
conforming to any desired communication or controller protocol. For example, the 
field devices 18, 20, 22, 24, 26 and 28 may be implemented using standard 4-20 ma 
devices that communicate over analog lines to the I/O card 58 or may instead be 
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implemented using smart devices, such as Fieldbus field devices, that communicate 
over a digital bus to the I/O card 58 using Fieldbus protocol communications. In 
general terms, the Fieldbus protocol is an all-digital, serial, two-way communication 
protocol that provides a standardized physical interface to a two-wire loop or bus 
5 which interconnects field devices. The Fieldbus protocol provides, in effect, a local 
area network for field devices within a process, which enables these field devices to 
perform process control functions (using function blocks defined according to the 
Fieldbus protocol) at locations distributed throughout a process facility and to 
communicate with one another before and after the performance of these process 

10 control functions to implement an overall control strategy. It will be understood 
that, while the Fieldbus protocol is a relatively new all-digital communication 
protocol developed for use in process control networks, this protocol is known in the 
art and is described in detail in numerous articles, brochures and specifications 
published, distributed, and available from, among others, the Fieldbus Foundation, a 

15 not-for-profit organization headquartered in Austin, Texas. As a result, the details 
of the Fieldbus communication protocol will not be described in detail herein. Of 
course, the field devices 18, 20, 22, 24, 26 and 28 could conform to any other 
desired standard(s) or protocols, including any standards or protocols developed in 
the future. 

20 Referring still to Fig. 4, to control the process 16, the controller 50 may be 

configured tp implement an advanced control loop 62 (which is a multi-input/multi- 
output control loop) having an advanced control block 64 that receives three analog 
a , i , }inpui^ that supplies 

,^,V ■;, ; > ^ree anaiIog .outpjiit signals 16 a set of analog (AO) output function blocks 68 Each 

. 25 of the analog input function : blocks , 66 are associated with one of the sensors 24, 26 \ 
and 28 and each of the analog output function blocks 68 are associated with one of 
the valves 18, 20, 22. As will be described below, the advanced control block 64 
will be configured to perform integrated optimal model predictive control (i.e., to 
operate as the 10MPC 12 of Fig. 1). In accordance with conventional control 
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system terminology, each of the function blocks represents a part (e.g., a subroutine) 
of the overall control routine and each function block operates in conjunction with 
the other function blocks (via communications called links) to implement the process 
control loop 62 within the process control system 10. Function blocks typically 
perform one of an input function, such as that associated with a transmitter, a sensor 
or other process parameter measurement device, a control function, such as that 
associated with a control routine that performs PID, fuzzy logic, MPC, etc. control, 
or an output function which controls the operation of some device, such as a valve, 
to perform some physical function within the process control system 10. The 
function blocks 66 and 68 are stored in and are executed by the controller 50 but 
may, alternatively, be stored in and implemented by the field devices 18, 20, 22, 24, 
26 and 28. 

As illustrated in Fig. 4, one of the workstations 54 includes an advanced 
control block generation routine 70 that is used to create, download and implement 
the advanced control block 64 in a manner described in more detail herein. While 
the advanced control block generation routine 70 may be stored in a memory within 
the workstation 54 and executed by a processor therein, this routine (or any part 
thereof) may additionally or alternatively be stored in and executed by other devices 
within the process control system 10, if so desired. Generally, the advanced control 
block generation routine 70 includes a control block creation routine 72 that creates 
the advanced control block 64 arid that connects the advanced control block 64 into 
the process control system, a process modeling routine 74 that creates a process 
model tor the pro^ by the advanced ' 

control block 64, and a control logic parameter creation routine 76 that creates 
control logic parameters for the advanced control block 64 from the process model 
and that stores or downloads these control logic parameters in the advanced control 
block 64 for use in controlling the process 16. It will be understood that the routines 
72, 74 and 76 can be made up of a series of different routines, such as a first routine 
that creates an advanced control element having control inputs adapted to receive 
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process outputs and having control outputs adapted to provide control signals to 
process inputs, a second routine that enables a user to communicatively connect the 
advanced control element within the process control routine (which may be any 
desired configuration routine), a third routine that uses the advanced control element 
to provide excitation waveforms to each of the process inputs, a fourth routine that 
uses the advanced control element to collect data reflecting the response of each of 
the process outputs to the excitation waveforms, a fifth routine that creates a process 
model from the collected data, a sixth routine that develops advanced control logic 
parameters from the process model and a seventh routine that places the advanced 
control logic and, if needed, the process model within the advanced control element 
to enable the advanced control element to control the process. 

The advanced control block generation routine 70 may further include a 
graphical interface program 78 that allows a user to communicate with the advanced 
control block generation routine 70 thereby to provide configuration information that 
is used by the advanced control block generation routine 70 to design and configure 
the process control system 10 for control of the process 16. 

Referring now to Fig. 5, a flowchart 80 illustrates the steps of a method for 
designing/configuring the advanced control loop 62 to perform integrated optimal 
model predictive control of the process 16. The method begins at a step 82 wherein 
the optimization objective is selected; As described above, the optimization 
: objectiyfe selected for optimization, in the illustrated example, is the production rate 
j.e , the process throughput i . ; . ^ i . 

> J ^ a ^iotk i^^^the user begin*^ process control system 

10-by^i ebntF^l -block generation routine 70 

via. the graphical interface program- 78 ! Preferably; once initiated , the graphical 
interface program 78 prompts the user to specify the control strategy that will be 
used to design the control system. As described hereinbefore, a control strategy that 
uses function blocks may be used to represent the control system 10 in which case, 
the user responds to the prompt by specifying a function block control strategy. Of 
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course, should the user desire to use an alternative control strategy such as, for 
example, ladder logic or sequential function charts, then the user would specify the 
chosen strategy accordingly r After the control strategy has been specified, the 
graphical interface program 78 may prompt the user to specify the number of 
5 function blocks that will be used to implement the process control system 10. For 
example, with respect to the process 16, the user specifies that the advanced control 
loop 62 includes the three analog input function blocks 66, the three analog output 
function blocks 68 and the advanced control block 64. After the number of function 
blocks has been specified, the graphical program interface 58 may cause the control 
10 block creation routine 72 to be initiated. Once initiated, the control block creation 
routine 72 generates seven control blocks, one to represent each of the six analog 
input and analog output function blocks 66 and 68 and one to represent the advanced 
control block 64. During the generation of the control blocks that represent the 
analog input and output function blocks 66, 68, the control block creation routine 72 
15 prompts the user to specify the manner in which each of the function blocks 66 and 
68 is to be coupled to the advanced control block 64 and further prompts the user to 
specify the function to be performed by each of the function blocks, i.e, that each of 
the analog input function blocks 66 is associated with one of the sensors 24, 26 and 
28 and that each of the analog output function blocks 68 is associated with one of the 
20 valves 18, 20 and 22. In addition, the user is prompted to specify any other 

. information necessary to create/configure the function blocks 66 , 68 including, for 
example, the gains, if any, associated with. ^ 66, 68 and/or any 

scaling that needs to be performed On-the signals generated by the function blocks, 
i I When the control block creation routine 72 is creating the advanced control 
. 25 block 64, the user may further be prompted tp specify the control method to be 

performed by the advanced control block 64. In response, the user specifies that the 
advanced control block 64 is to be configured to perform integrated optimal model 
predictive control, i.e., to specify that the advanced control block 64 is to operate as 
the IOMPC 12 (See Fig. 1). Next, the user is prompted to specify the inputs and 
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outputs associated with the process 16. Referring also to Fig. 1, the process 16 is 
illustrated as including three inputs XI, X2, X3 which are associated with the 
positions of the three valves "48, 20 and 22, respectively, and the process further has 
three outputs Yl, Y2, Y3 which are each associated with the measurements provided 
5 by the sensors 24, 26 and 28, respectively. Once the process inputs XI, X2, X3 and 
the process outputs Yl, Y2, Y3 have been specified, the control block creation 
routine 72 configures the advanced control block 64 to operate as an IOMPC having 
three outputs, OUT1, OUT2 and OUT3, that are coupled to the process inputs XI, 
X2 and X3 and having three inputs INI, IN2 and IN3 that are coupled to the process 
10 outputs Yl , Y2 and Y3. 

Referring still Fig. 5, during the step 84 of specifying the configuration, the 
control block creation routine 72 will cause the graphical interface 78 to prompt the 
user to identify the OMV. As described above, for the illustrated example it is 
assumed that the steam flow rate MV3 must be optimized in order to maximize the 
15 production rate and, therefore, MV3 is identified to the control block creation 
routine 72 by the user as the OMV. After the identity of the OMV has been 
' supplied to the control block creation routine 72, the control block creation routine 
72 automatically creates an optimized control variable (OCV) that is related to the 
OMV. In accordance with the description of the OCV provided above, the OCV 
' 20 does hot correspond to any of the actual process outputs, i.e., Yl, Y2, Y3, but is 

7*;, instead configured as a control variable that is related to the OMV by a unit gain. 

.During the step. 84,. the control block creation, routine 72 may further prompt 
\a 'M , ' the user/to specify the default values ofthe setpoiritsl;CVl S p and,CV2 sp and to specify 

^Values b'f th'elcohstfaints M Vl CON , M V2 CON and OMY C0 ^ . After having received 
/: 25 the value' for the OM-V CO N, the control block creation routine 72 creates a setpoint 
. for the OCV, referred to as the OCV sp that is equal to the value of the OMV CON . 
At the step 84 it may be necessary to additionally specify other logic 
parameters to the control block creation routine 72 including, for example, the time 
frame over which control changes are to be made (e.g., the set point trajectory filter 
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time constants), the maximum or minimum movement (rate limit) of an MPC output 
or a process output, whether any of the controlled parameters are integrated control 
parameters, IOMPC optimization factors, variables or tuning parameters, the control 
horizon of the IOMPC control block 64, i.e., how many steps forward manipulate 
5 variable values are to be computed to control to a desired state, the engineering unit 
ranges for each of the inputs and outputs of the IOMPC block 64, which of the 
controlled variables will be allowed to be relaxed or not realized when one of the 
constraints is violated, the value of parameters related to the aggressiveness or 
robustness of the MPC, etc. 

10 Referring still to Fig. 5, next, at a step 86, the advanced control loop 62 

configured at the block 84 is automatically downloaded into the controller 50 and the 
inputs and outputs of the advanced control block 64 are communicatively connected 
to the appropriate process inputs and outputs. Specifically, as illustrated in Fig, 1, 
wherein the advanced control block 64 is represented by the IOMPC 12, the process 

15 outputs Y1-Y3 are communicatively coupled to the IOMPC inputs IN1-IN3 and the 
process inputs XI -X3 are communicatively coupled to the IOMPC outputs OUT1- 
OUT3, respectively. For simplicity, the analog input function block 66 and the 
analog output function block 68 are omitted from the block diagram of Fig, 1, but 
are assumed to be coupled to the inputs and outputs of the IOMPC 12. Of course, 

20 the user can connect the advanced control block 64 to the process 16 in any desired 
manner and, generally, \v the same control configuration or design program 
H . \&iv : that the usertises to create other ccftitr cri ■■ lopj^ -like s ingl e-1 oop control routines 
-.:v • ; ; wktim^ 

'■■ i i grap^ the advanced 

25 control block 64 and the process inputs and outputs. In this manner, the advanced 
control block 64 is supported in the same manner as other control blocks, elements 
or routines, which makes configuration and connection of the advanced control block 
64 and support of that block within the control system 10 no different than the 
configuration, connection and support of the other blocks within the system. In one 
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embodiment, the advanced control block 64, as well as the other blocks within the 
control system 10, are function blocks designed to be the same as or similar to 
Fieldbus function blocks. IiTthis embodiment, the advanced control block 64 may 
have the same or similar types of inputs, outputs, etc. as specified or provided in the 
5 Fieldbus protocol and is capable of being implemented by, for example, the 

controller 50 using communication links which are the same as or similar to those 
specified by the Fieldbus protocol. A method of graphically creating process control 
routines and elements thereof is described in Dove et al., U.S. Patent No. 5,838,563 
entitled "System for Configuring a Process Control Environment" which is hereby 
10 expressly incorporated by reference herein. Of course, other control loop or control 
module design strategies could be used as well, including those which use other 
types of function blocks or which use other routines, sub-routines or control 
elements within a process control configuration paradigm. 

As illustrated in Fig. 1 , the advanced control block 64 downloaded into the 
15 controller 50 at the step 86 (see Fig. 5) may include a data collection routine 100, 
which may alternatively be stored in the data historian 52, a waveform generator 
101, generic control logic 102, storage 103 for storing control parameters and a 
process model 104. The generic logic 102 may be, for example, a generic MPC 
routine that needs coefficients or other control parameters to perform control in a 
: 7 20 particular instance; In some cases, the generic logic 102 may, also need a process 
:•■ : r V ••• :: ';^^e>"for the .-process, b^iqg'xontfolje.d. i . v i .■*-. > /. " 

: • ; > t. > Refer : r*% 5, after the advanced control block 64 has been 

; A£S? .y* downlotadedYto the controller M the^tep 86? the step 88 is^perCprmed wherein the 
advanced control block 64-is instructed, via the process modeling routine 74, to 
25 begin the next phase of development of the advanced control block 64 in which data 
is collected for each of the process outputs for use in creating a process model. In 
particular, when instructed to do so by the user (or at any other desired time), the 
waveform generator 101 of the advanced control block 64 begins to produce a series 
of waveforms at the outputs OUT, - OUT 3 thereof so as to provide excitation 
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waveforms to each of the process inputs X, - X 3 . If desired, these waveforms may 
be provided to the generator 101 by software within the user workstation 54 but, are 
preferably created by the generator 101. The waveforms generated by the waveform 
generator 101 are preferably designed to cause the process 16 to operate over the 
different ranges of inputs expected during normal operation of the process. For 
proper design of the advanced control block 64, the input waveforms supplied to the 
process inputs, INI, IN2 and IN3 should correspond to the flow rates of the feed 
material, the water and the steam, respectively, instead of the positions of the valves 
18, 20 and 22. Thus, if not already known, it will be necessary to calculate the flow 
rates corresponding to the various valve positions and to supply these rates to the 
IOMPC creation routine 72. 

The waveform generator 101 may deliver to each of the process inputs X, - 
X 3 , a series of different sets of pulses, wherein the pulses within each of the sets of 
pulses have the same amplitude but have pseudo-random lengths and wherein the 
pulses within the different sets of pulses have different amplitudes. The set of pulses 
may be created for and then delivered to each of the different process inputs X x -X 3 
sequentially, one at a time. During this time, the data collection unit 100 within the 
advanced control block 64 collects or otherwise coordinates the collection data 
indicating the response of the process outputs Y, - Y3 to each of the waveforms 
generated by the waveform generator 101 and may collect or coordinate the 
collection of data pertaining; to the ; excitation This data 

itiia^I^ advanced eon^ preferably , is automatically sent 

to the data historian 52 for storage and/or to the wbrkstatidn^4 where this data may 
be displayed on the display screen 56..' . 5 - 

In this rnanner, the adyaiiced control block 64 provides a set of excitation 
wa veforms to the process; 16 and measures the response of the process 16 to these 
excitation waveforms. Of course, the excitation waveforms generated by the 
waveform generator 101 may be any desired waveforms that are known to be useful 
in developing a process model for a model predictive controller, and these 
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waveforms may take any form now known or developed in the future for this 
purpose. Because waveforms used to excite a process for the purpose of collecting 
data to develop a process model for model predictive control are well known, these 
waveforms will not be described further herein. 
5 It should be noted that the waveform generator 101 may take any desired 

form and may, for example, be implemented in hardware, software or a combination 
of both. If implemented in software, the waveform generator 101 may store an 
algorithm that can be used to generate the desired waveforms, may store digital 
representations of the waveforms to be generated, or may use any other routine or 

10 stored data to create such waveforms. If implemented in hardware, the waveform 
generator 101 may take the form of, for example, a square wave generator. If 
desired, the user may be asked to input certain parameters needed to design the 
waveforms, such as the approximate response time of the process, the step size of 
the amplitude of the waveforms to be delivered to the process inputs, etc. The user 

15 may be prompted for this information when the advanced control block 64 is first 

created or when the user instructs the advanced control block 64 to begin to upset or 
excite the process and collect process data. 

In a preferred embodiment, the data collection unit 100 collects (or otherwise 
assures the collection of) data in response to each of the excitation waveforms at 

20 three to five times the response time for a single output process and up to 10 or more 
. times the : response time for. a multi variable process to assure that a complete and 
accurate process model may be developed However, data may be collected for any 

' c ■ 1 other amount of time In any event, the &dv3nced control block 64 preferably 
- operates until the wavbform generator 16i has completed <§eh\ ering all of the 

: 25 necessary excitation waveforms to each of the process inputs - X 3 and the data 

collection unit 100 has collected data for the process outputs V, - Y 3 . Of course, the 
operation of the advanced control block 64 may be interrupted if so desired or if 
necessary during this data collection process. 

- 29 - 



BNSDOCID: <G8 2363477A_I_> 



Referring still to the step 88 of Fig. 5, after the excitation data has been 
collected, it is used to generate the process model. The process model may be 
generated using any known type of process modeling analysis and the developed 
process model may take on any form, such as a mathematical algorithm, a series of 
response curves, etc. Because the quality of the process model generated is 
dependent upon the quality of the excitation data collected, data screening is 
generally performed before generating the process model to remove outliers and 
other unreliable data points from the data set. The process model that is generated 
may be automatically saved in any desired database to be accessible for later use. 

Once the process model has been created, the control logic parameter 
creation routine 76 is executed at a step 90 to thereby generate a set of IOMPC 
process model coefficients/ controller coefficients or control logic parameters. The 
control logic parameters, which will be used by the advanced control block 64 to 
control the process 16, are generated by inverting the matrix that represents the 
process model. The specifics of creating a process model from collected data for a 
process and generating MPC or other control logic parameters from that process 
model by inverting the matrix of collected data is known in the art, and, therefore, 
these procedures are not described further herein. It will be understood that, 
although the process used to generate the logic parameters described herein involves 
inverting the process model matrix, any other desired logic parameter creation 
routine could instead be used. 

^0f^^'^^t'^'^^^{^:'^^^. control logic parameters have been 
created, the IOMPC control logic parameters or coefficients may be tested, at a step 
92, using a process simulation block. This simulation block may generally be 
developed from the process . model created for the process and can be connected to 
the advanced control block 64 in a testing environment to test whether the created 
IOMPC control logic operates satisfactorily over the range of normal process 
operation. If the IOMPC logic is not satisfactory, any or all of the steps 86, 88 and 
90 may be repeated to develop different IOMPC control logic. However, if the 
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IOMPC control logic is satisfactory, the IOMPC control logic parameters and the 
process model stored in the.parameter storage 103 and the process model storage 
104 are used by the advanced control block 64 at a step 94 to control the process 16. 
In this manner, the parameters needed by the IOMPC control logic are provided to 
and contained within the advanced control block 64 and the advanced control block 
64 can be commissioned to actually perform control as the IOMPC 12 within the 
process according to the IOMPC control logic 102. Of course, if desired, the actual 
IOMPC logic 102 along with the parameters needed therefor can be created in the 
workstation 54 and downloaded to the IOMPC block 64. 

Certain modifications may occur to one of ordinary skill in the art. For 
example, the IOMPC 12 may be configured to optimize more than one optimization 
objective in which case two or more manipulated variables, depending on the 
number of optimization objectives, are identified for optimization. More 
particularly, if it is desirable to optimize both product throughput and product cost 
(i.e., to maximize throughput and minimize cost), then the manipulated variables 
that are used to optimize these characteristics (i.e., the manipulated variables that 
have the greatest impact on these characteristics) are identified. Next, a separate 
optimizing control variable is assigned for each optimized manipulated variable and 
the IOMPC is configured such that each of the OMVs is tied to its respective OCV 
by a unit gain. The IOMPC may be programmed to manage the OMVs in an 
identical fashion or pn a priority basis. Specifically, when operating the process in : 
: an optimal manner , wherein the OMVs are operating, at their pprtimal levels, and 
when, a future value of a manipulated = yariabl e , other than, the OMVs, exceeds its 
respective constraint, the lOlvlPC may jbe prograrr^ed to cause both OMVs to 
depart from their optimal values simultaneously. Alternatively,; the OMVs may be 
assigned priorities such that, in the event of an exceeded constraint, the IOMPC 
causes the OMVs to depart from their optimal values in an order that is based on 
their assigned priority. 



31 



BNSDOCID: <GB 2363477A_J_> 



Of course it will be understood that the number of manipulated variables that 
must reach or exceed their respective constraints in order for the process to enter the 
undesired state is dependent upon the number of process input variables associated 
with the process. Specifically, the number of process input variables define the 
degrees of freedom for a process control system and the greater the number of 
degrees of freedom, the greater the number of manipulated variables that may 
operate at or in violation of their respective constraints without causing the process 
to enter the desired state. Thus, although, as described with reference to the process 
16 shown in Fig. 2, an undesired state occurs when two or more of the manipulated 
variables (including the OMV) reach or exceed their respective constraint limits, a 
process having a greater number of process input variables may be able to operate 
with a greater number of manipulated variables at or in excess of their respective 
constraint limits without entering the undesired state. 

Further, the method represented by the blocks 30-44 in Fig. 3 may instead be 
implemented using a fuzzy logic controller to perform integrated optimal fuzzy logic 
control. 

It should also be noted that, when implemented, any of the software 
described herein may be stored in any computer readable memory such as on a 
magnetic disk, a laser disk, or other storage medium, in a RAM or ROM of a 
computer or processor, etc. Likewise, this software may be delivered to a user, a 
process control system or the computer via any known or desired delivery method 
including, for example; on a computer readable disk or other transportable computer 
storage mechanism or over a communication channel such as a telephone line, the 
Internet/the World' Wide Web, any other local area network or wide area network, 
etc. (Which delivery is Viewed ageing Ihe same as or interchangeable with 
providing such software via a transportable storage medium). Furthermore, this 
software may be provided directly without modulation or may be modulated using 
any suitable modulation carrier wave before being transmitted over a communication 



channel. 
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It should further be noted that any control routines or elements described 
herein may have parts thereof implemented or executed by different controllers or 
other devices if so desired. "Likewise, the control routines or elements described 
herein to be implemented within the process control system 10 may take any form, 
5 including software, firmware, hardware, etc. For the purpose of this invention, a 
process control element can be any part or portion of a process control system 
including, for example, a routine, a block or a module stored on any computer 
readable medium. Control routines, which may be modules or any part of a control 
procedure such as a subroutine, parts of a subroutine (such as lines of code), etc. 
10 may be implemented in any desired software format, such as using ladder logic, 
sequential function charts, function block diagrams, or any other software 
programming language or design paradigm. Likewise, the control routines may be 
hard-coded into, for example, one or more EPROMs, EEPROMs, application 
specific integrated circuits (ASICs), or any other hardware or firmware elements. 
15 Still further, the control routines may be designed using any design tools, including 
graphical design tools or any other type of software/hardware/firmware 
programming or design tools. 

Thus, while the present invention has been described with reference to 
specific examples, which are intended to be illustrative only and not to be limiting of 
20 • the invention, it will be apparent to those of ordinary skill in the art that changes, 
adaitidhs or deletions may;be made to the disclosed embodiments without departing 
from th^piflt^ s . - 

In the present specification "comprises" means "includes Or consists of 

\ vl llit^ : r * * 

2 ^ "i? -. VA"* - : " " l^fei^"' iTe^tVires' ^'dis'clbked £ >iri "^tti-e foregbing description, ^or the following ; 
claims; or the accompanying drawings, expressed in their specific forms or in 
terms of a means for performing the disclosed function, or a method or process 
for attaining the disclosed result, as appropriate, may, separately, or in any 

combination of such features, be utilised for realising the invention in diverse 
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CLAIMS 

1. A multi-input/multi-output logic device for use in controlling a process 
comprising: 

5 a plurality of inputs adapted to receive process output signals; 

a further input having an associated setpoint; 

a multiplicity of outputs adapted to provide process control signals for 
controlling the process; 

a feedback path that directly connects a selected one of the outputs to the 
10 further input; and 

a logic unit configured to produce the multiplicity of outputs using the 
plurality of inputs and the further input and adapted to adjust the selected 
output until the further input has reached the associated setpoint. 

15 2. The logic device of claim 1 wherein the logic unit is a model predictive 
controller. 

3. The logic device of claim 1, wherein the logic unit is a fuzzy logic 
controller. 

4. The logic device of any one of claims 1 to 3 wherein the setpoint is 
associated wim a constraint limit for the seto 

5. The logic device of any one of claims 1 to 4 Wherein each of the 
25 multiplicity of outputs bias an associated constraint limit, and wherein the logic 

unit further comprises a setpoint adjustment unit adapted to adjust the setpoint 
from a first setpoint setting to a second setpoint setting when one of the outputs, 
other than the selected output, is going to reach or exceed the associated 
constraint limit for that output. 
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6. The logic device of claim 5, wherein the first setpoint setting is a value 
that is equal to the constraint limit of the selected output and wherein the 
second setpoint is a value that is relaxed with respect to the constraint limit of 

5 the selected output. 

7. The logic device of claim 5 or claim 6, wherein the setpoint adjustment 
unit is further adapted to adjust the setpoint from the second setpoint setting to 
the first setpoint setting when the one of the outputs is no longer going to reach 

1 0 or exceed the constraint limit associated with that output. 

8. The logic device of claim 7, wherein the setpoint adjustment unit is 
,- - further adapted to adjust the setpoint from the second setpoint setting to the first 

setpoint setting in a series of step-wise adjustments. 

15 

9. The logic device of any one of claims 1 to 4 wherein the multiplicity of 
outputs has an associated constraint limit, and wherein the logic unit comprises 
a prediction unit adapted to predict a future value for each of the multiplicity of 
outputs and a comparison unit adapted to compare the future value for each of 

20 the multiplicity of outputs to the constraint limit associated with that output to 
; detelmme^ ma^ % selected output, is 

• pSihl io|<^evfe^ u«it ;furtiier comprises a 

setting to a second setpoint. setting when one of the outputs, other than the 
selected output, is going to reach or exceed the associated constraint limit for 
that output, wherein the first setpoint setting is a value that is equal to the 
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constraint limit of the selected output and wherein the second setpoint setting is 
a value that is relaxed with respect to the constraint limit of the selected output. 

11. The logic device of claim 10, wherein the setpoint adjustment unit is 
5 further adapted to continue adjusting the setpoint in a relaxed direction relative 
to the second setpoint setting when the one of the outputs, other than the 
selected output, is still going to reach or exceed the associated constraint limit 
for that output, when the setpoint is at the second setpoint setting. 

10 12. The logic device of claim 10 or claim 11, wherein the setpoint 
adjustment unit is further adapted to adjust the setpoint from the second 
setpoint setting to the first setpoint setting when the one of the outputs, other 
than the selected output, is no longer going to reach or exceed the associated 
constraint limit for that output. 

15 

13. The logic device of claim 12, wherein the setpoint adjustment unit is 
further adapted to adjust the setpoint from the second setpoint setting to the first 
setpoint setting in a series of step-wise adjustments. 

20 14 - The logic device of any one of Claims 10 to 13, wherein the further 
input comprises & first further input, the associated setpoint comprises a first 
vsetpoinf; the?i^li|^ comprises a -first feedback, path . and the selected 
: output comprises a first selected outt^ut and wherein the logic device further 
comprises a second further input 1 having a second setpoint' and a second 
25 feedback path that directly connects a second selected output to the second 
further input, wherein the setpoint adjustment unit is further adapted to change 
the second setpoint from a third setpoint setting to a fourth setpoint setting 
when the one of the outputs, other than the selected output, is going to reach or 
exceed the associated constraint limit for that output, wherein the third setpoint 
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setting is the constraint limit of the second selected output and the fourth 
setpoint setting is relaxed with respect to the constraint limit of the second 
selected output. 

5 15. The logic device of Claim 14, wherein the first setpoint and the second 
setpoint each have a priority level and wherein the setpoint adjustment unit is 
further adapted to adjust the first setpoint and the second setpoint in an order 
according to the priority level of the first setpoint and the second setpoint. 

10 16. The logic device of Claim 14 or Claim 15, wherein the setpoint 
adjustment unit is further adapted to adjust the first setpoint and the second 
setpoint simultaneously. 

17. The logic device of any one of the preceding claims, wherein the 
1 5 feedback path includes an amplifier. 

• 3' - 

1 8. The logic device of Claim 1 7, wherein the amplifier has a unit gain. 

19. A multi-input/multi-output logic device for use in controlling a process 

20 comprising: 

a plurality of inputs adapted to receive process output signals; 
*i — ''-a-ftfther input having ah associated setpoint; 
- '■ ' ! ~a iriuftiplicity of outputs adapted to provide process control signals for 

controlling the process; i > - ; 

25 a feedback path that connects a selected one of the outputs to the further 

input; and ' V " " 

a logic unit configured to produce the multiplicity of outputs using the 
plurality of inputs and the further input and adapted to use the feedback path to 
control the selected output to be equal to the setpoint. 
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20. The logic device of Claim 1 9, wherein each of the multiplicity of outputs 
has an associated constraint limit, and wherein the logic unit comprises a 
setpoint adjustment unit adapted to adjust the setpoint when one of the outputs, 

5 other than the selected output, is going to reach or exceed the associated 
constraint limit for that output. 

21. The logic device of Claim 20, wherein the logic unit comprises a model 
predictive controller. 

10 

22. A multi-input/multi-output logic device for use in controlling a process 
comprising: 

a plurality of inputs adapted to receive process output signals; 

a further input having an associated setpoint; 
15 a multiplicity of outputs adapted to provide process control signals for 

controlling the process, wherein each of the multiplicity of outputs has an 
associated constraint limit; 

a feedback path that connects a selected one of the outputs to the further 

input; and 

20 a logic unit configured to produce the multiplicity of outputs using the 

^f&uraiity of inputs and the forther input and including a setpoint adjustment unit 

adapted to change the setpoint when one of the outputs, other than the selected 
-> ' output; is going to reach; or' exceed the associated constraint limit for that 

output. , > , . .; . . 

23. A multi-input/multi-output logic device substantially as .described herein 
and/or with reference to the accompanying drawings. 
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24. A method for controlling a process using a multi-input/multi-output 
logic device having a plurality of inputs adapted to receive process output 
signals and a multiplicity of outputs adapted to provide process control signals 
for controlling the process, wherein each of the outputs has an associated 
5 constraint limit, the method comprising the steps of: 

connecting a selected one of the outputs to a further input of the logic 
device; 

setting a setpoint associated with the further input to a first setpoint 
setting; 

10 adjusting the selected output until the further input has reached the first 

setpoint setting; - 

calculating a future value for each of the multiplicity of outputs other 

than the selected output; 

comparing the future value calculated for each of the multiplicity of 
15 outputs, other than the selected output, to the associated constraint limit for that 
output to determine whether any one of the outputs, other than the selected 
output, is going to reach or exceed the associated constraint limit for that 
output; and 

adjusting the setpoint from the first setpoint setting to a second setpoint 
20 setting when the step of comparing determines that one of the Outputs, other 
than the selected output, is going to reach or exceed the associated constraint 
limit for that output. 

25 The method of Glaim 24; whereirrthe first seipoinV setting is equal to a 
25 constraint limit of the selected output, and wherein the second setpoint setting 
is equal to a value that is relaxed relative to the constraint limit of the selected 
output. 
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26. The method of Claim 24 or Claim 25, further including the step of 
adjusting the setpoint from the second setpoint setting to the first setpoint 
setting when the step of comparing determines that the one of the outputs is no 
longer going to reach or exceed the associated constraint limit for that output 

5 

27. The method of any one of Claims 24 to 26, further including the step of 
further adjusting the setpoint in a direction that is relaxed relative to the second 
setpoint setting when the step of comparing determines that the one of the 
outputs, other than the selected output, is still going to reach or exceed the 

10 associated constraint limit for that output, when the setpoint is set to the second 
setpoint setting. 

28. The method of any one of Claims 24 to 27, further including the step of 
calculating the multiplicity of outputs from the plurality of inputs and the 

15 further input using a model predictive control technique. 

29. The method of any one of Claims 24 to 27, further including the step of 
calculating the multiplicity of outputs from the plurality of inputs and the 
further input using a fuzzy logic control technique. 

20 : . . .. , - • ( . :; . .. , . . . 

■ : -30, tt J^. : 'B^^^pf^y m one of Claims 24 to 29, wherein the further input 
comprises a first ^ input, the associated setpoint comprises a first setpoint, 
^d ^ wherein the 

method further comprises the steps of: 

25 : eOiuiecting a second selected one of the outputs to a second further 

Jnput; • . 

setting a second setpoint associated with the second further input to a 
third setpoint setting; 
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adjusting the second selected output until the second further input has 
reached the third setpoint setting; 

adjusting the second setpoint from the third setpoint setting to a fourth 
setpoint setting when the step of comparing determines that the one of the 
5 outputs, other than the selected output, is going to reach or exceed the 
associated constraint limit for that output; and 

adjusting the setpoint from the fourth setpoint setting to the third 
setpoint setting when the step of comparing determines that the one of the 
outputs, other than the selected output, is no longer going to reach or exceed the 
10 associated constraint limit for that output. 

3 1 . The method of Claim 30, further comprising the steps of: 

assigning each of the first setpoint and the second setpoint a priority 
level, and performing the adjustments to each of the first setpoint and the 
15 second setpoint in an order according to the priority level assigned to the first 
setpoint and the second setpoint. 

32. A method for controlling a process substantially as described herein 
and/or with reference to and as shown in the accompanying drawings. 

20 

3 3 . Any novel feature or novel combination of features described herein 
and/or in the accompanying drawings. 
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